This study compared two SPECT cameras with cadmium-zinc-telluride (CZT) detectors to a conventional Anger camera with cardiofocal collimators for the assessment of left ventricular (LV) function in a phantom and patients. Methods: A gated dynamic cardiac phantom was used. Eighteen acquisitions were processed on each CZT camera and the conventional camera. The total number of counts within a myocardial volume of interest varied from 0.25 kcts to 1.5 Mcts. Ejection fraction was set to 33%, 45%, or 60%. Volume, LV ejection fraction (LVEF), regional wall thickening, and motion (17-segment model) were assessed. One hundred twenty patients with a low pretest likelihood of coronary artery disease and normal findings on stress perfusion SPECT were retrospectively analyzed to provide the reference limits for end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction, and regional function for each camera model. Results: In the phantom study, for each ejection fraction value, volume was higher for the CZT cameras than for the conventional camera, resulting in a decreased but more accurate LVEF (all P , 0.001). In clinical data, body-surface-indexed EDV and ESV (mL/m 2 ) were higher for one of the CZT cameras (Discovery NM 530c) than for the other (D-SPECT) or the conventional camera (respectively, 40.5 ± 9.2, 37 ± 7.9, and 35.8 ± 6.8 for EDV [P , 0.001] and 12.5 ± 5.3, 9.4 ± 4.2, and 8.3 ± 4.4 for ESV [P , 0.001]), resulting in a significantly decreased LVEF: 70.3% ± 9.1% vs. 75.2% ± 8.1% vs. 77.8% ± 9.3%, respectively (P , 0.001). Conclusion: The new CZT cameras yielded global LV function results different from those yielded by the conventional camera. LV volume was higher for the Discovery NM 530c than for the D-SPECT or the conventional camera, leading to decreased LVEF in healthy subjects. These differences should be considered in clinical practice and warrant the collection of a specific reference database.
This study compared two SPECT cameras with cadmium-zinc-telluride (CZT) detectors to a conventional Anger camera with cardiofocal collimators for the assessment of left ventricular (LV) function in a phantom and patients. Methods: A gated dynamic cardiac phantom was used. Eighteen acquisitions were processed on each CZT camera and the conventional camera. The total number of counts within a myocardial volume of interest varied from 0.25 kcts to 1.5 Mcts. Ejection fraction was set to 33%, 45%, or 60%. Volume, LV ejection fraction (LVEF), regional wall thickening, and motion (17-segment model) were assessed. One hundred twenty patients with a low pretest likelihood of coronary artery disease and normal findings on stress perfusion SPECT were retrospectively analyzed to provide the reference limits for end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction, and regional function for each camera model. Results: In the phantom study, for each ejection fraction value, volume was higher for the CZT cameras than for the conventional camera, resulting in a decreased but more accurate LVEF (all P , 0.001). In clinical data, body-surface-indexed EDV and ESV (mL/m 2 ) were higher for one of the CZT cameras (Discovery NM 530c) than for the other (D-SPECT) or the conventional camera (respectively, 40.5 ± 9.2, 37 ± 7.9, and 35.8 ± 6.8 for EDV [P , 0.001] and 12.5 ± 5.3, 9.4 ± 4.2, and 8.3 ± 4.4 for ESV [P , 0.001]), resulting in a significantly decreased LVEF: 70.3% ± 9.1% vs. 75.2% ± 8.1% vs. 77.8% ± 9.3%, respectively (P , 0.001). Conclusion: The new CZT cameras yielded global LV function results different from those yielded by the conventional camera. LV volume was higher for the Discovery NM 530c than for the D-SPECT or the conventional camera, leading to decreased LVEF in healthy subjects. These differences should be considered in clinical practice and warrant the collection of a specific reference database. Myocar dial perfusion imaging is extensively used in patients with known or suspected coronary artery disease. In addition, the measurement of left ventricular (LV) ejection fraction (LVEF), enddiastolic volume (EDV) and end-systolic volume (ESV) using SPECT has been widely validated in comparison to other imaging techniques (1, 2) and is commonly used for prognosis assessment and clinical decision making (3). Moreover, it has been demonstrated that the reference limits of LV function are sex-specific but do not depend on type of tracer or acquisition camera when conventional Anger cameras are used (4), suggesting equivalency for patient management.
Dedicated cadmium-zinc-telluride (CZT) g-cameras revealed a new step in SPECT myocardial perfusion imaging. These cameras allow for reduced imaging time (5) and reduced exposure of patients to radiation (6,7) but are not equivalent in terms of count sensitivity and spatial resolution, leading to images with differences in sharpness and contrast-to-noise ratio in clinical practice (8) . Previous publications have validated the performance and results of these cameras versus the conventional Anger camera in clinical practice (9, 10) , but recent data demonstrated that when quantitative gated SPECT is performed using CZT cameras instead of Anger cameras, LV volume is overestimated, leading to a lower estimated LVEF in healthy patients (11) . This difference is likely related to the increased spatial resolution, a condition that also significantly affects the assessment of segmental wall motion and thickening (12, 13) . Alternatively, the multifocal collimators of IQ-SPECT technology (Siemens Healthcare) can be plugged into multipurpose cameras, offering better sensitivity and contrast-tonoise ratio than conventional Anger cameras equipped with lowenergy, high-resolution collimators (14) .
Because commercially available CZT cameras and IQ-SPECT cameras have differences in sensitivity and spatial resolution, it remains unclear whether the type of camera may affect assessment of LV volume and LVEF. Consequently, the aim of this study was, first, to perform a head-to-head comparison of two commercially available CZT cameras versus a conventional Anger camera with IQ-SPECT collimators in the assessment of LV function on a dynamic cardiac phantom and, second, to confirm the phantom results by retrospectively analyzing data from patients with a low pretest likelihood of coronary artery disease.
MATERIALS AND METHODS

γ-Cameras and Collimation Systems
The first CZT camera was a Discovery NM 530c (DNM) (GE Healthcare) equipped with a multiple-pinhole collimator and 19 stationary CZT detectors that simultaneously image 19 cardiac views, with each detector comprising pixelated 5-mm-thick elements (matrix, 70 · 70; pixel size, 2.46 · 2.46 mm) (15) . The second CZT camera was a D-SPECT (Biosensors International) operating with 9 mobile blocks of pixelated CZT detectors (pixel size, 2.46 · 2.46 mm) associated with a wide-angle square-hole tungsten collimator, with each block recording a total of 120 projections (16) . The IQ-SPECT camera was a Symbia IQ-SPECT (IQ) (Siemens Medical Solutions) applying a high-sensitivity astigmatic convergent-geometry collimator for the image center and parallel holes for the edges connected to the camera, using a circular rotation (28-cm radius) centered on the heart (128 · 128 matrix) (14) . All SPECT datasets (phantom and patients) were acquired and reconstructed using the parameters currently recom- 
Dynamic Phantom Study
We used the Amsterdam gated (AGATE) dynamic phantom (Vanderwilt Techniques) as a reference for volume and LVEF measurements (17) . This phantom is a realistic 3-dimensional waterfilled torso that has 2 thin membranes simulating endocardial and epicardial walls with known ventricular volume and ejection fraction (Fig. 1) . The lumen between these membranes was filled with a pertechnetate solution (50 kBq/mL) simulating a myocardial wall. The cardiac phantom stroke volume is controlled by a programmable adjustable pumping system, and an electrocardiography-triggered signal is produced at a constant heart rate. Eighteen acquisitions were obtained on each of the 3 cameras, with varying count-stop conditions of 0.25 kcts, 0.5 kcts, 0.75 kcts, 1 Mcts, 1.25 Mcts, and 1.5 Mcts within a myocardial volume of interest. LVEF was set by the adjustable pumping system (17) to 33% and 45% to mimic LV dysfunction or to 60% to mimic normal LV function. The acquisition parameters were as follows: a 70 · 70 matrix for the DNM camera; a 64 · 64 matrix for the D-SPECT camera, with a total of 120 projections recorded by each block in the heart area, which was defined on a short prescan acquisition (18) ; and a 128 · 128 matrix with 30 projections over 180°and 30 s per projection for the IQ camera. The energy window was 140 keV 6 10% for all cameras.
Clinical Data
We retrospectively analyzed poststress acquisitions from 120 consecutive patients who had a low pretest likelihood of coronary artery disease and normal results on stress-only perfusion SPECT and were referred to our nuclear medicine departments for a routine evaluation of myocardial perfusion. Image datasets were collected at Clinique du Bois (n 5 40) for the Discovery NM, at Centre Hospitalier Universitaire de Caen (n 5 20) and Centre Jean Perrin (n 5 20) for the D-SPECT, and at Centre Hospitalier Universitaire de Nantes (n 5 20) and Centre Hospitalier Universitaire Rangueil (n 5 20) for the IQ. DICOM-stored datasets from 10 men and 10 women were retrieved for each camera and for both 99m Tc-sestamibi and 99m Tc-tetrofosmin to determine the reference limits for EDV, ESV, and LVEF, regional motion, and thickening for each camera model. For each camera, we used the reconstruction parameters recommended by its vendor. For the DNM, a Butterworth postprocessing filter (frequency, 0.37; order, 7) was applied to the reconstructed axial slices, which were subsequently reformatted in the standard cardiac axis for analysis. For the D-SPECT, a specific algorithm for iterative reconstruction (4 iterations) was used to compensate for the collimator-related loss of spatial resolution (16) . For the IQ, images were routinely reconstructed using a 3-dimensional iterative algorithm (6 iterations, 4 subsets) with correction for the geometry of the astigmatic collimator (Flash 3D) and a postreconstruction filter (gaussian, 8.4 mm in full width at half maximum). EDV and ESV were indexed to body area for each patient, and the patients' characteristics were retrieved from hospital records. All reconstructed datasets were stored in DICOM format and subsequently processed by the QGS package (version 2008; Cedars Sinai) running on a Spectrum Dynamics workstation and using a 17-segment model for regional myocardial wall thickening and motion analysis (19) . All images were anonymized. Our ethics committee (Comité de Protection des Personnes Nord-Ouest III) approved this retrospective study and waived the requirement to obtain informed consent.
Statistical Analysis
Continuous variables are presented as mean 6 SD. The ShapiroWilk test was used to assess the normality of continuous variables. We used multivariate ANOVA with post hoc comparison of means (Tukey test) or the Kruskal-Wallis test when appropriate for global comparison among the 3 cameras. Reproducibility among the Discovery NM, D-SPECT, and IQ for the measurement of EDV, ESV, and LVEF using the AGATE phantom was tested using 1-way random intraclass correlation coefficients (20) . All statistical analyses were performed using R software (version 3.1.2; R Foundation for Statistical Computing). A P value of less than 0.05 was considered statistically significant.
RESULTS
Phantom Study
With the AGATE phantom, the overall mean EDV, ESV, and LVEF for the DNM, D-SPECT, and IQ are shown in Figure 2 . Measured phantom volume was higher and ejection fraction lower for the DNM than for the D-SPECT or IQ. When the phantom was set up with a normal ventricular function (ejection fraction, 60%) or decreased LVEF (ejection fraction, 45% or 33%), there was a significant difference in EDV, ESV, and ejection fraction among cameras (all P , 0.05; Fig. 2 ). Count statistics had no impact on EDV, ESV, or ejection fraction, whatever the camera model.
Clinical Data
Global LV Function. Data obtained from 60 men (mean age, 57.7 6 10.9 y) and 60 women (mean age, 63.1 6 13.3 y) without evidence of heart disease were retrospectively assessed. Like the phantom data, the patient data showed that normal LV volume was higher for the DNM than for the D-SPECT or IQ. Indexed EDV (mL/m 2 ) was 40.5 6 9.2 vs. 37 6 7.9 vs. 35.8 6 6.8 (global P value , 0.001), respectively, and indexed ESV (mL/m 2 ) was 12.5 6 5.3 vs. 9.4 6 4.2 vs. 8.3 6 4.4 (global P value , 0.001), respectively, resulting in a significantly decreased LVEF: 70.3% 6 9.1% vs. 75.2% 6 8.1% vs. 77.8% 6 9.3% (global P value , 0.001), respectively. For indexed ESV, indexed EDV, and LVEF, multivariate ANOVA showed the sex and the camera type to have a significant effect (P , 0.05). Tracer ( 99m Tc-tetrofosmin vs. 99m Tc-sestamibi) showed no statistically significant effect, and the clinical data from each tracer were therefore pooled for subsequent analyses. The results are presented in Figure 3 , and the mean indexed EDV, indexed ESV, and LVEF obtained from each camera according to sex are shown in Table 1 .
Segmental Wall Thickening and Motion. The assessment of segmental LV function yielded lower mean values for the DNM camera than for the D-SPECT or IQ. The respective mean values were 8.6 6 1.4 mm, 9.1 6 1.5 mm, and 10.1 6 1.9 mm for motion (global P , 0.001) and 49.1% 6 12.2%, 56.9% 6 13%, and 58% 6 15.1% for thickening (global P , 0.05). The results are presented in Figure 4 .
DISCUSSION
The phantom study demonstrated that estimated LV volume differed among the 3 cameras, especially for ESV, leading to significant differences in normal and decreased LVEF. The estimated volume was higher when assessed using the CZT cameras, likely because of a better spatial resolution. The phantom study further indicated overestimations of normal LVEF, particularly for the IQ camera. In patients, the normal values of LV function were dependent on the sex and the camera type.
Global LV Function
The effect of the type of camera on global and segmental function is likely related to spatial resolution. Imbert et al. (8) reported the following classification of measured central spatial resolution, in order of performance: DNM, 6.7 mm; D-SPECT, 8.6 mm; and IQ, 15.0 mm. As shown in Figure 2 , the results of our phantom study suggest that the LVEF overestimationbeing dramatically limited when the CZT cameras were used instead of the IQ-was a function of spatial resolution. The QGS algorithm used in this study works in 3-dimensional space and is also limited by spatial resolution. Germano et al., in an early study, found that a decrease in spatial resolution causes a reduction in estimated LV volume (21) . When the end-systolic cavity size approaches the spatial resolution of the system, the partial-volume effect induces blurring at the myocardial wall edges and QGS miscalculates the endocardial surface, leading to a smaller estimated volume. Our findings also show that the increased spatial resolution of CZT-based cameras, by minimizing the partial-volume effect, results in increased volume measurements.
LV volume measurement may also be affected by reconstruction parameters (22) , filtering and zooming (23) , and absolute ventricular size (24) . Clinical and simulation studies have previously reported an underestimation of LV volume, especially in small hearts (23, 25) . Because the magnitude of underestimation depends on ventricle size, the relative effect is different between EDV and ESV calculations, leading to an overestimation of LVEF. Nakajima et al. (25) generated a set of mathematic simulations assuming an arbitrary resolution (15.7, 12.1, 9.2, 7.5, and 6.9 mm in full width at half maximum). In that study, the authors demonstrated that the measured-to-true volume ratio was optimized by a higher resolution in numeric simulations. In addition, they also showed in a pediatric population that the use of a zoom during acquisition resulted in the same effect on volume assessment. These data suggest that factors favoring spatial resolution, such as reconstruction filters with a high cutoff frequency, high system resolution, and appropriate zooming, may improve gated SPECT quantification. Sensitivity, contrast-to-noise ratio, photon scatter, and energy resolution may also affect assessments of volume and function. Previous phantom and clinical studies found a 3-fold improved sensitivity for the IQ camera, about a 4-fold improvement for the DNM, and nearly a 7-fold improvement for the D-SPECT, as well as demonstrating differences in sharpness profile measured in patient perfusion SPECT (8, 15) . Photon scatter correction and compensation techniques based on energy windowing have been shown to improve image quality and volume measurements (26, 27) . In particular, scattered photons in the main photopeak have a greater impact in smaller hearts than in larger hearts (28) . Although CZT cameras offer a high energy resolution (15), the scatter fraction remains similar to that observed with conventional Anger cameras (18) . Thus, it remains unclear whether the increased resolution contributes to the increased sharpness of images obtained with CZT cameras, an advantage that allows the myocardial edges to be detected easily and accurately, thus resulting in an increased ventricular volume compared with Anger cameras.
In patients, the assessment of LV volume and LVEF has been validated against cardiac MR (12, 13, 29) . Using the same software package for a DNM camera and a cardiac MR system, Giorgetti et al. (29) found an excellent correlation for both EDV (r 5 0.92) and ESV (r 5 0.95), although there was a significant underestimation with the DNM camera (mean difference, 233.2 6 26 mL for EDV and 217.9 6 20 mL for ESV; P , 0.001). For LVEF, not only was the correlation strong but the values were also similar (49% 6 16% vs. 51% 6 15% for the DNM camera vs. cardiac MR; r 5 0.91). Cochet et al. (13) obtained similar results and further demonstrated that bias between the CZT camera and the cardiac MR system for the measurement of ESV (but not of EDV or LVEF) was greater in patients exhibiting moderate to severe defects. To our knowledge, there are no data comparing IQ to cardiac MR for the assessment of LV function. However, our study on patients without evidence of heart disease clearly showed that the CZT cameras yielded increased LV volume and decreased LVEF compared with the IQ camera. As previously documented (30, 31) , sex-related differences were independent of camera type. These results agree with recent findings by Miao et al. (11) , whose study on a healthy population found that in both men and women, indexed EDV and ESV were significantly higher for a DNM camera than for a dual-head conventional g-camera. Our results further emphasize that the 2 commercially available CZT cameras provide different estimates of LV volume when assessed by means of QGS.
Segmental LV Function
Because of the partial-volume effect, a change in object size, as observed during myocardial contraction, results in changes in the apparent count density and is identified by a systolic increase in brightness. This method based on count density is widely used for assessing regional myocardial function with gated SPECT, but the exact quantification of the wall thickening remains limited (32) . We previously demonstrated that the increased spatial resolution provided by CZT-based detectors may lead to an underestimation of regional myocardial wall thickening under hypertrophic conditions (12) . In contrast, agreement with cardiac MR was stronger for myocardial wall motion than for wall thickening (12, 13) . The present study demonstrated that regional myocardial wall thickening was decreased for the DNM, compared with the D-SPECT, whereas there was no significant difference in myocardial wall motion. These results support the measurement of wall motion by CZT cameras to assess segmental ventricular function.
Study Limitations
A first limitation of this study is that it was performed using poststress acquisitions and did not provide information on rest perfusion scans. The collected reference data in this retrospective study were from French centers that commonly use a stress-only protocol (33) . In these centers, patients with a low likelihood of coronary artery disease and normal stress perfusion findings are discharged without undergoing the rest examination, resulting in a dramatically decreased radiation exposure. Consequently, this study could not assess the impact of camera type on transient ischemic dilation or myocardial stunning. Second, only a single reconstruction approach was used for each camera, and it is uncertain whether our findings apply to different reconstruction and filtering algorithms. Third, only one type of software was used, QGS. Methods based on statistical analysis of the distribution of count density would more significantly affect volume and ejection fraction measurements than methods, such as QGS, based on endocardial edge detection (34, 35) . Therefore, the repeatability of our results using postprocessing methods avoiding edge detection is uncertain.
CONCLUSION
The different technical characteristics of the two commercially available CZT cameras and the conventional camera equipped with an astigmatic collimator resulted in different estimates of LV function when QGS was used for 3-dimensional edge detection. These results confirm the need for sex-and camera-adjusted reference values for LV function parameters.
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